■ INTRODUCTION
Hydrogen is a promising candidate as energy carrier for application in, for example, automotive and portable devices. 1−3 One of the major challenges for introducing the hydrogen technology in our present-day society is related to storing hydrogen in a compact and safe way suitable to serve stationary and mobile applications. 4 Hydrogen can be stored in both molecular and atomic form. The former can be achieved by storing hydrogen gas at high pressures, as liquefied hydrogen at low temperature and in porous solids, such as molecular organic frameworks. 5−7 The second volumetrically denser form is to bind atomic hydrogen in chemical hydrides, such as metal hydrides. 8−10 MgH 2 is an interesting material with a high gravimetric hydrogen storage capacity of 7.7 wt %. However, pure MgH 2 suffers from low (de)hydrogenation kinetics. 11−13 MgH 2 is a rutile-structured compound in which the hydrogen mobility is limited.
14 To overcome these kinetic limitations Mg can be modified either by alloying with transition metals (TM) like Sc, Ti, V, Cr, and Zr, by making use of nanoparticles or by adding a catalyst. 15−20 Notten et al. have investigated the hydrogen storage properties of Mg−Sc alloys and proved the formation of a favorable fluorite structure after hydrogenation. 15, 21 According to experimental and theoretical investigations, the homogeneous Mg−TM alloys with TM > 20 at. % tend to adopt the fluorite structure, while at TM < 20 at. % the rutile structure is maintained. 15,22−24 The hydrogen mobility in fluorite-structured Mg 0.65 Sc 0.35 H 2 is significantly faster than in MgH 2 . 25 As proven by X-ray diffraction and neutron diffraction, Mg−Sc alloys do not undergo phase segregation during deuteration/hydrogenation and the deuterium atoms are located at tetrahedral positions between the metal atoms in the fcc lattice. 26 However, a major disadvantage of using Sc is its low abundance and high cost. It is therefore desirable to replace Sc with a more abundant, less precious metal. The most suitable replacements are expected to be found with the elements that form dihydrides having the fluorite structure, such as Ti, V, Zr, La, Cr, and rare earths, Hf and Ta.
Titanium is an abundant element and therefore particularly interesting to investigate as promoter of the hydrogen mobility in Mg-based alloys. Mg and Ti have a positive enthalpy of mixing and do therefore not form thermodynamically stable alloys. However, metastable alloys can be prepared by nonequilibrium techniques, such as co-sputtering and ballmilling. 27, 28 Indeed, Mg−Ti thin films show remarkably improved (de)hydrogenation kinetics during electrochemical hydrogenation, compared to pure Mg films. The improvement is due to the fact that Mg−Ti alloys with a Ti to Mg ratio >0.25 adopt a fluorite crystal structure after hydrogenation, whereas MgH 2 has a bct (rutile) crystal structure. 29, 30 Co-sputtered films are interesting for dedicated purposes but bulk Mg−Ti powders prepared by ball-milling 31−35 would be more interesting for large-scale applications. However, such ballmilled Mg−Ti alloys suffer from phase segregation during gasphase hydrogenation which unavoidably takes place at elevated temperatures. 36 In contrast, electrochemical hydrogenation/ deuteration takes place at room temperature, which prevents the ball-milled Mg−Ti alloy from phase segregation, as we have recently shown. 37 In this way single phase fcc-structured hydride compounds can be formed. 38 Addition of Ti to Mg certainly improves the (de)-hydrogenation kinetics, but will not raise the partial hydrogen pressure (a thermodynamic property) in desorption applications as a consequence of the high stability of TiH 2 (−144 kJ· mol −1 H 2 ) compared to that of MgH 2 (−77 kJ·mol −1 H 2 ). According to the rule of reversed stability, which states that more stable metal alloys form less stable hydrides, 39 addition of Ni is expected to show a destabilizing effect, because Ni has a negative enthalpy of formation with both Mg and Ti. It has been proven that the addition of Al and Si to Mg−Ti thin films increases the equilibrium potential during discharging, which is equivalent to raising the partial hydrogen pressure. 40 In the current paper, we will describe the effect of adding Si and Ni to ball-milled Mg−Ti alloys in the form of bulk powders.
Magic angle spinning 1,2 H NMR gives information about the chemical environment and also about the hydrogen/deuterium mobility inside the host lattice. Solid-state NMR is nowadays frequently used to investigate hydrogen storage materials, such as metal hydrides, alanates and borohydrides. 41 2 H MAS NMR yields interesting information about the chemically different deuterium host sites and their relative occupancy. As a measure for the internal hydrogen mobility, we have also investigated the deuterium dynamic-equilibrium transfer between the various sites by use of exchange NMR spectroscopy.
■ EXPERIMENTAL SECTION
The alloy powders were prepared by mechanical alloying using pure magnesium (Alfa Aesar with particle size, ∼50 μm, and purity, 98.5%), titanium (Sigma-Aldrich: ∼50 μm, 99.5%) Nickel (Alfa Aesar: ∼50 μm, 99%) and Silicon (Alfa Aesar: ∼50 μm, 99%). The Mg−Ti binary alloy was prepared by milling elemental magnesium (65 at. %) and titanium (35 at. %) under Argon in a 55 mL tungsten-carbide milling vial using tungstencarbide balls of 1 cm diameter as milling media with a ball-topowder ratio of 30:1. The type of mill used for the mechanical alloying process was SPEX shaker. The alloying process was closely monitored by observing the shift in the Mg reflections toward higher angle and decrease in the intensity of Ti reflections in XRD pattern. After 28 h of milling the alloying process was completed, when the resulting XRD pattern did not change any more. A Mg−Ti solid solution was clearly formed, which was concluded from the decrease in the hcp lattice parameter compared to that of Mg upon milling.
Ternary alloys were prepared by adding nickel and silicon separately after the formation of Mg 0.70 Ti 0.30 . The milling process was continued for another 12 h when the ternary element was added. A decrease in the reflections of the ternary elements Ni and Si was clearly observed. The reflections of the ternary elements have completely disappeared after 12 h in the Ni system and after 6 h in the case of Si. Finally, 5 at. % of Pd was added to the homogeneous Mg 0.65 Ti 0.35 , Mg 0.63 Ti 0.27 Ni 0.10 and Mg 0.63 Ti 0.27 Si 0.10 alloys and shortly milled for 2 h. In this way, Pd forms a separate phase at the external particle surface acting as an (electro)catalyst for the hydrogenation/deuteration reaction and also protecting the underlying alloy from oxidation. 47 For typographic brevity we do not specify Pd 0.05 in the compound names. However, we do take the weight fraction of the Pd phase (expected not to contain deuterium under our experimental conditions) into account when estimating the overall deuterium content x from electrochemical measurements. The alloy powders are mixed with either carbon black (1 wt % carbon black and 2 wt % PTFE as binder) or silver (Ag/alloy wt. ratio of 4:1) and subsequently pressed (pressure = 400 MPa) into pellets with 8 mm diameter prior to electrochemical deuteration. A Maccor (Model 2300) testing system was used for the deuterium loading. The electrochemical deuterium loading, denoted here as charging, was carried out in a conventional three-electrode electrochemical cell which was thermostated at 25°C, using 6 M KOH in D 2 O as electrolyte. A pure Pd metal rod was used as counter electrode while Hg/HgO was used as reference electrode. All electrode potentials are referring to this reference electrode. The alloy powders were subjected to constant current charging and discharging with a current density of 50 mA g −1 . For low current discharge 10 mA g −1 was used. Powder electrodes made with silver resulted in well-defined voltage plateaus and lower electrochemical overpotentials. Therefore, silver was used as conducting material to study the electrochemical (dis)charging behavior of the alloy powders ( Figure  1 ). However, the high weight and conductivity of Ag causes sample-rotation instability and skin depth problems in the MAS NMR experiments. To overcome these problems carbon black (CB) was used as additive, instead of Ag, for the materials studied with NMR. Even though the electrodes made with carbon black reveal much higher overpotentials during electrochemical charging experiment than those with silver, the deuterium capacities of the CB based electrode materials are similar to those of electrodes containing silver. 37 Magic angle spinning (MAS) 2 H NMR experiments were performed with a Bruker DMX500 spectrometer, operating at 76.77 MHz for deuterium. The 2.5 mm NMR sample holder was packed in the glovebox under argon, closed with a gastight cap and rotated in a flow of dry nitrogen inside the spectrometer. The typical sample spinning rate was between 8 to 12 kHz. The deuterium weight content of the Mg−Ti deuteride was estimated by comparison with the spectral integral of the quantitative 2 H NMR spectrum (interscan delay of 20 s) of sodium 3-(trimethylsilyl)propionate-2,2,3,3-d 4 , which was used as external reference compound with four deuterium atoms per molecule. Two-dimensional exchange spectroscopy (2D Exsy) was carried out by use of a pulse sequence with three 90°pulses of 5 μs. The evolution time interval t 1 between the first two pulses was systematically incremented during the experiments. The time interval between the second and third pulse, called mixing time t mix , was fixed at 0.01, 1, and 2 s. 48 One-dimensional exchange spectroscopic (1D Exsy) measurements were performed by selectively perturbing the polarization of the deuterium nuclei at the Mg-rich sites resonating at 4 ppm, using a rotor-synchronized DANTE pulse train of five pulses of 2 μs (50 kHz nutation frequency) and monitoring the polarization after a variable time interval t mix by means of a nonselective 90°p ulse of 5 μs. 49 The 1D exchange spectra were recorded for 12 t mix values up to 10 s at four temperatures: 300, 318, 337, and 355 K. Temperature calibration is done by measuring the peak separation for ethylene glycol. The constant-current charging of the three electrode materials clearly exhibits limiting negative voltage plateaus corresponding to complete deuteration of the metal composites. No further deuterium atoms can enter the bulk phase and at more negative potentials D 2 gas evolves from the surface of the electrode according to,
■ RESULTS AND DISCUSSION
From a thermodynamic point of view, D 2 evolution can only take place beyond the stability window of D 2 O. As proposed before, the amount of deuterium absorbed in the material can be calculated from the transition between the second and third voltage plateau (curves a 1 , b 1 , c 1 in Figure 1a) . 37 Maxima in the voltage-derivative curves (a′ 1 Figure 1 ), 620 (curve b3) and 380 mA h g −1 (curve c3), respectively. The difference between the respective charging and discharging capacities is attributed to the "irreversibly" bound deuterium in Ti-rich sites, as indicated by the more negative formation enthalpy of TiH 2 than that of MgH 2 . The lower deuterium-loading potential for Mg 0.63 Ti 0.27 Ni 0.10 can be indicative for a relative thermodynamic destabilization of the Mg−Ti hydride resulting from Ni addition, or improved hydrogen (de)sorption kinetics caused by Ni as a catalyst. This is advantageous for the hydrogen release properties. In contrast, Si addition has a negative effect on the overall kinetics, as is also evident from the much lower reversible deuterium-storage capacity of Mg 0.63 Ti 0.27 Si 0.10 . All compounds have lower deuterium content than the theoretically expected D/M ratio 2. A possible explanation could be that the Pd coating in the final ball-milling step of MgTi, MgTiSi, and MgTiNi particles is not homogeneous. Particles without Pd coating would not readily be hydrogenated.
The nanostructures of the electrochemically hydrogenated MgTi-based materials were investigated in more detail with 2 H NMR. The spin-1 nuclei of deuterium atoms interact with local electric field gradients, which in the fluorite crystal structure arise from metal coordination asymmetry around the D atoms at the tetrahedral interstitial sites. The interaction with these gradients causes quadrupolar line broadening in 2 H NMR spectra without sample rotation. This broadening is removed by rotating the sample at the magic angle with respect to the magnetic field. In this way, magic angle spinning (MAS) increases the chemical resolution in the 2 H NMR spectra. At intermediate sample-rotation rates, spinning sidebands are visible. The extent of these spinning sideband patterns reflects the stationary 2 H NMR line width, and thus the deuteriumcoordination symmetry in the respective host crystal lattice. respectively. Low-current discharging is performed consecutively after high-current discharging to extract the maximum amount of deuterium from the electrode. The discharge capacities reported in the text is the summation of the high-and low-current discharge capacities. 20 TiD 2 has a fluorite structure with deuterium atoms located at tetrahedral interstitial sites. The high coordination symmetry results in weak sidebands surrounding the centerband at −150 ppm for gas-phase deuterated TiD 2 ( Figure 2e ). The large, negative Knight shift for TiD 2 is typical for the conductive bulk material. 50 A centerband at 4 ppm also appears similar to that found for pure MgD 2 which can therefore be assigned to deuterium atoms located at Mg-rich sites. The at 300 K by use of the line shape components specified in The 4 ppm component is also present in the spectra for both the Ni-and Si-modified compounds (Figures 3b,c) Figure 3 . With the heterogeneity of deuterium sites expected to increase as a result of the Ni or Si additive, the actually observed smaller line width can be indicative for increased motional averaging caused by a higher mobility of deuterium at these sites.
The interconnectivity and deuterium self-diffusion between different deuterium sites have been studied by 2D exchange NMR spectroscopy (2D Exsy; Figure 4 ). More specifically, 2D Exsy correlates the chemical shift of deuterium atoms before and after a selected time interval, the so-called mixing time t mix . During t mix , the deuterium atoms have the opportunity to hop between different sites. Deuterium atoms which are stably bound or present within a spatially separate phase do not participate in the exchange process. These deuterium atoms do not undergo a chemical-shift change during t mix and will give rise to peaks at the spectral diagonal only. Deuterium atoms which are reversibly bound in a single host lattice will participate in the exchange process. The deuterium atoms, which exchange between different sites, such as Mg-rich and Tirich sites, during the mixing time t mix will give rise to a change in chemical shift, which results in off-diagonal "cross-peaks" in the 2D spectrum. Figure 4 shows the 2D spectra of the electrochemically deuterated alloys for long mixing time t mix . The clearly visible cross-peaks indicate intensive deuterium exchange between Mg-rich and Ti-rich sites at the time scale of seconds. For short mixing time t mix = 0.01 s, the cross-peaks are absent ( Figure  S1 ), which confirms that there is no exchange between the Mgrich and Ti-rich sites at this time scale. At this short mixing time the 2D exchange 2 H NMR spectrum of Mg 0.63 Ti 0.27 Ni 0.10 D 1.3 reflects a strong homogeneous broadening of the −40 ppm component ( Figure S1a ). This is probably due to the presence of Ni, which causes shortening of the deuterium transversal relaxation time T 2 . A complete exchange can be recognized in 2D Exsy from the similarity between cross-section S in the 2D spectrum and projections P onto the frequency axes. The projections P reflect the distribution of deuterium among various sites, while a horizontal cross section is indicative of the redistribution of deuterium atoms, which are initially located at one type of sites, during t mix . The similarity between the cross sections and the projection indicates a homogeneous redistribution of deuterium atoms at the time scale probed. The projections P and cross sections S in the 2D spectra of the three materials shown in Figure 4 are similar and therefore illustrative for a complete exchange at the time scale of seconds. Apparently, the different deuterium sites recognized in the 2 H NMR spectra are connected by diffusion pathways, as consistent with a nanostructured composite material of Mgrich and Ti-rich nanodomains. fast between Mg-rich (4 ppm) and Ti-rich (−73 ppm) nanodomains at elevated temperatures. However, the fact that only the 4 ppm component decreases, but not the −73 ppm component, is inconsistent with such explanation. The apparent correlation between the decrease of the combined 7 and 4 ppm components and the increase of the −30 ppm component suggests that at increasing temperature there is a net redistribution of deuterium atoms from the Mg-rich nanodomains to sites close to the Mg−Ti interface in the Ti-rich nanodomains. This may be compared with our previous observation for co-sputtered Mg 0.65 Ti 0.35 D 1.1 . At increasing temperature, the latter material showed a similar decrease of the 4 and 7 ppm components, and a new signal without spinning sidebands appeared at −10 ppm, while the relative intensities of −29 and −68 ppm components stayed almost constant. 50 In the present study, no temperature induced increase of the (Figure 5c ), which we have above assigned to deuterium sites with Ti−Ni and Ti−Si coordination, respectively. To study the deuterium exchange as a function of mixing time, one-dimensional (1D) Exsy was performed. The 1D Exsy experiments comprise an initial selective polarization perturbation of the deuterium spins in Mg-rich sites resonating around 4 ppm. This is followed by variable mixing time t mix during which the deuterium atoms with initially perturbed nuclear spin polarization at the Mg-rich sites will replace the deuterium atoms with unperturbed polarization at the Ti-rich sites and vice versa. As a consequence of this dynamic equilibrium exchange of deuterium atoms with opposite spin polarization, the signal intensity of the initially perturbed sites will increase and the unperturbed sites will decrease as a function of mixing time. The recovery of the signal also depends on spin−lattice relaxation, which is generally slow. Thus, even without deuterium exchange the perturbed polarization will relax to its thermal equilibrium value. Therefore, the longest deuteriumexchange time scale that can be probed by use of 1D Exsy is determined by spin−lattice relaxation.
From the series of 1D exchange spectra for the three alloys obtained with 12 different mixing times, only the spectra measured at t mix = 0.001, 0.3, 1, and 10 s at 300 K are shown in Figure 6 , parts a−c. The spectra for t mix = 0.001 s show the initially negative intensity I Mg of deuterium atoms at the Mgrich sites resonating at 4 ppm. This signal intensity has already partly recovered after 0.3 s as a result of dynamic-equilibrium exchange with deuterium atoms with initially unperturbed spin polarization at Ti-rich sites. Simultaneously with the fast recovery of I Mg , the combined signal intensity I Ti , I Ti−Ni , and Table 1 ). Parts d−f of Figure 6 illustrate how the relative peak area of deuterium at Mg-rich and Ti −rich sites develop as a function of the mixing time. Deuterium self-diffusion between Mg-rich and Ti-rich nanodomains expectedly involves multiple hopping steps between neighboring interstitial sites. Careful modeling of the exchange curves resulting from this multistep diffusion would require detailed assumptions about parameters, such as the shape and size (distribution) of the nanodomains, as well as the respective deuterium occupation and diffusion in the Mg-rich and Ti-rich nanodomains. The relatively simple shape of the observed 1D Exsy curves (Figure 6d−f) , however, makes such detailed interpretation ambiguous. Phenomenologically, the combined behavior of I Mg (t mix ) and I Ti (t mix ) turns out to be well described by the coupled biexponential curves for two-site exchange: (0) is homogeneously distributed over the Mg-and Ti-rich sites by deuterium exchange. The use of a single spin− lattice relaxation time T 1 in eq 3 tacitly assumes that any intrinsic 2 H T 1 relaxation differences between the Mg-rich and Ti-rich nanodomains are averaged by relatively fast deuterium exchange. Equation 3 differs slightly from the biexponential fit model in our previous publication 37 in that the fast decaying term is now corrected for spin−lattice relaxation, as well.
The effective deuterium residence time τ ex determined by fitting the biexponential model to the data recorded at 300 K equals 0.4, 0.3, and 0.8 s for Mg 0 . These are the time scales at which the deuterium atoms move in dynamic equilibrium between Mg-rich and Ti nanodomains in the above three compounds.
To determine the activation barrier for deuterium motion, 1D Exsy and spin−lattice relaxometry was carried out as a function of temperature ( Figure 7 ). Before applying eq 3 as a fit model to the 1D exchange curves (such as the ones at 300 K in Figure 6 ) we have measured spin−lattice relaxation (T 1 ) of the three materials by use of inversion−recovery NMR (Figure 7b) . 2 H NMR spin−lattice relaxation is controlled by fast deuterium motions with correlation times τ c in the range 10 −10 −10 −8 s, tentatively associated with deuterium hopping between neighboring interstitial sites in the fcc lattice. The exponential decrease with inverse temperature (Figure 7b) indicates, that in this temperature range T 1 −1 is inversely proportional to τ c . This permits extracting the activation barriers from the slopes in the Arrhenius plot, as 15, 11, and 9 kJ mol deuterium magnetization. The latter mechanism based on magnetic dipole-coupling would expectedly be weak anyway, because of the low magnetic dipole moment of deuterium nuclei and the magic angle spinning applied. 
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9 jumps are necessary to move between the nanodomains. With the tetrahedral deuterium sites separated by half a lattice constant, this seems inconsistent with nanodomains smaller than the XRD coherence length. In an almost full lattice, however, deuterium atoms may spend large part of the time jumping back and forth between neighboring sites, so-called "flicker events". 54−56 Such "flicker events" contribute to spin−lattice relaxation, but are insufficient in causing deuterium diffusion beyond the length scale of the lattice spacing.
The unequal Arrhenius slopes for T 1 relaxation and deuterium exchange for the Ni-and Si-containing materials (Figure 7) , however, shows that the above picture for Mg 0.65 Ti 0.35 D 1.2 is not the full story. The observed deuterium exchange between Mg-rich and Ti-rich nanodomains in these complex hydride materials is probably the result of a combination of several factors, including, indeed, deuterium hopping between neighboring interstitial sites (as probed with T 1 relaxation), but also the size of the nanodomains and the nature of their interfaces, which may be affected by the addition of Ni and Si during the ball-milling prior to the electrochemical hydrogenation.
■ CONCLUSION
In contrast to gas phase loading of metastable MgTi alloys at high temperatures, electrochemical deuteration/hydrogenation at room temperature does not induce phase segregation. The 
